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FOREWORD

In compliance with Articles I and II of NASA Contract Letter Document
NASL-876/TRS, dated 16 June 1965, North American Aviation, Inc., Los Angeles
Division is forwarding this report to the National Aeronautical and Space

Administration for review and acceptance.
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PRELIMINARY ANALYSIS
OF

METABOLIC RATE MONITOR SYSTEM

I. INTROIUCTION

The NASA Contract NAS4-367 (Reference (b)) was initiated for the purpose of
developing to prototype status certain respiratory sensors and to test these
sensore under various envirommental conditions with human subjects. Under
Phase I of that program a prototype sensor was assembled which utilized a
Beckman Instruments, Inc. Pg,, PCOg: Pp, and temperature sensor and NASA
supplied Technology, Inc. mass flowmeters. During testing under sea level
and altitude conditions several inherent errors became apparent with regard to
the determination of oxygen consumption. However, it required the efforts of a
Phase II program with an analytical approach to the thermodynamic and physical
characteristics of the system in order to pin-point the basic problems and
determine the magnitude of possible errors. The results of the Phase II
efforts were surmarized in Reference (c). Further efforts utilizing similar
equipment were proposed in References (d) and (c) to determine feasibility of
measuring oxygen consumption bf a human subject by in-flight instrumentation.

A nev concept for measuring oxygen consumption designed by Webb Associates,
Inc. was presented to NASA and NAA/LAD by W. V. Blockley of Webb Associates oh
24 May 1965. As a result of this meeting NAA/LAD proposed (Reference (f)) to
perform a theoretical evaluation of the Webb Associates system known as a
Metabolic Rate Monitor (MRM) at the request of Dr. James Roman of NASA. This
evaluation was to be conducted before any further efforts were spent on the

respiratory analyzer system.
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The principle tasks of the evaluation as given by the Work Statement are

as follows:

1. Basic evaluation of the theoretical concept.

2. Preliminary error analysis to determine the magnitude of errors
for extreme ranges of conditions of R.Q., Op consumption,

COo production, etc.

3. Evaluation of mechanical components of the system for source of
error in measuring ability and cursory examination of error magni-
tudes for both sea level and altitude conditions where data is
readily available,

4, Preliminary evaluation of the MRM utilizing flow splitting
venturies for minimizing diluent gas flow requirements.

5. Prepare and submit letter report

II. DESCRIPTION OF THE BASIC MRM SYSTEM

The Metabolic Rate Monitor (MRM) system as described at the meeting of
May 24 employs a technique which relates a subject's oxygen consumption to
the excitation voltage (speed) of a DC blower. The blower speed is servo-
controlled by an%e sensor (polarographic cell) located downstream of the
blower and an O, sensor located Just downstream of the Op or air supply. The
difference between the two cell outputs will constitute the error signal for
servo control of the blower speed. The flow through the blower is & mixed
combination of the subject's exhalation and a diluent of the same composition as
the inspired gas. When the subject's oxygen consumption varies, the diluent
flow must vary to maintain a constant partial pressure difference of oxygen.
The K, 2sensor-servo system maintains the constant partial pressure difference
by adjusting the blower speed (excitation voltage). A schematic diagram of the

basic MRM system is shown in figure 1. Alternate system concepts brought up
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after the initiation of the evaluation contract are shown in figure 7 asd

discussed in a latter section of this report.

_ITI. ANALYSIS OF THE BASIC MRM SYSTEM

For analysis purposes the schematic of the system may be reduced to the
simple form shown below. The performance of this system (MRM) has been shown
to be strongly influenced by the humidity levels of the inspired and expired
air. Thus, for purposes of the error analysis it is assumed that the inspired
and expired air is dried before making the flow and pressure measurements.

It is also assumed that the total pressure and the temperature are uniform
throughout‘the total system. It is most important to note that the (\'T) terms
used in the nomenclature and subsequent derivations are defined at the local

temperature and pressure and should not be confused with (V) terms at SPTD

conditions. INSPIRE EXPIRE
_ NS @)
S d
— —
SupPPLY O ) DISCHARGE

g— = Total Pressure, mm Hg

gz; Oxygen Partial Pressure - Supply mm Hg

Ly

Oxygen Partial Pressure - Discharge mm Hg

Measured Values

Volumetric Supply Flow Rate (at local conditions)

0w

74
Ve,

\6' .

Respiratory Quotient

Volumetric Oxygen Uptake (at local conditions)

Discharge Volume Flow Rate (at local conditions)
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Equations describing the operation of the system can be written in
several forms, each of uhich provides insight into the pheﬁomena involved.
The following derivation is of interest in examining the nature of the change
in oxygen pertiél pressure. Since this formlation will not be used in the sub-
sequent numerical analysis, the man's expired water vapor is included for clarity.
Beginning with the equation for oxygen uptake:

V

= V. — V
), VO‘A (]

2e

also

Vc)z = Vo,s“ VO:J

. S - , P‘
4= (5 2)- (uze)

then

and

Vo= Zs(Ur =)= Bty
> A
RV = (B~R,)Vy + A, (V-Ve)
PTVO;_ = %zs-BzJ)Vd'f"%ls(ll/ozf‘é"z*%o'fv"vl)

where VOQ: VCOQ’ VHQO’ and VN2 are the incremental volume flow rates

between the inhaled and exhaled gas.

(;;,-pols) o =V, (P%s" R)* R, (Veo,* Vo + Vi, )
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For the special case of the supply gas being pure oxygen, POES = PT’
and the left side of the equation vanishes, and the discharge rate, Gd’ is a
measure of the rate of exhalation of nonoxygen gases and is independent of
oxygen uptake rate.

Recalling the manner in which the MRM operates, the blower creating the
flow (GS) or (Gd) is controlled by a servo which is maintaining a constant
differential of oxygen partial pressure between supply and discharge. The
oxygen uptake (602) is then a function of (QS) or (ﬁd). It is thus desirable
to arrive at an equation showing the relationship of (&s) to (662) in a form
such as éS = GOQK' A derivation accomplishing this is shown below:

Voz= (%5) Vs- ( %"J)Va’

%‘%%* )%/—va*-’aw[vs (Vi=1e)]
BUT V=V = Vo — (RQ)Y, \ﬁ-—l’é- 6, (1-RQ)

A~
y Rz.s y _B?-J _y-3
lé(-gj-%d)"’oz[ /_,;(//eay
' ' /— ﬁgzc/ -RA.
vgfzg k;z 7;: () ﬁ?‘?)
%5~ /04

lar.

. . R~R , (1-R¢.
V= T %d (1-RQ.) = v 77' _ Bu/ (/-P.Q.)
> %/ Ry - -R

rs
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A similar derivation showing the relationship of (V4) to (VOE) is shown below:

Vo, = (%)Vs ~ (%d) Vd

The equations derived above represent the subject's oxygen uptake (%02)
in terms of the MRM output (ﬁd) or (ﬁs). However (902) was & volume flow
rate at local condition, the expression will have more physiological signi-
ficance under varying altitude conditions, if 602 is replaced by a mass rate

of oxygen uptake (U). This transformation is made in the following steps vhere:

X = Oxygen Mol fraction in gas composition
U = Mass rate of oxygen uptake, gm/unit time
R = Universal gas constant
then
Yy=//-(1-Ra)Xs | U £T
3¢ XsF-R,,
( ) RT U /
= / - (/I-R@ ‘)(5 7r.___
[ 32 Lsp - Ry,



er L RO

so ‘é = /I- (/"P»a) Xs.7 5"2" Z/%;_

The above equation is used as a basis for the error analysis. The
parameters considered in the error ahalysis are:

(a) Deviation from an assumed R.q. of 1.0

(v) Meagurement eﬁws in Py, sensors

(c) Measurement errors in temperature

(d) Measurement errors in barometric pressure level

(e) Measurement errors of (\.Id)
Error Amalysis of R.Q. Sensitivity

The above equation is analyzed in Appendix 1 to determine the effect
of deviation from a standard assumed R.Q. on oxygen uptake ({I). The results
of the analysis are shown in figure 6. It will be noted that the error in
oxygen uptake due to a deviation from an assumed R.Q. is a function of the
Mol fraction of oxygen in the supply gas. Further, it will be noted that
the slope of these curves is identical to the Mol fraction. Therefore, when
the supply gas is pure oxygen, the error in oxygen uptake is equal to the error
in assumed deviation in R.Q. This correlates with the previously noted fact
that with pure oxygen @s & supply gas the MRM measures COp production. If it
is assumed that the maximum range of R Q's will remain between 0.8 and 1.2,
a supply gas baving oxygen concentrations up to 50% will allow accuracies
within #10% in oxygen uptake. Typical plots of oxygen uptake as & function w}d
are shown over this R.Q. range for varying conditions in Appendix 4.
Error Amalysis in Pop Sensors

Figure 10 shows the combined error in oxygen uptake as a function of error
in the individual measurement of each oxygen partial pressure sensor. This
error is seen to be & function of the ratio or the supply oxygen concentration

to the discharge oxygen concentration. The curve in this form is general and
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will apply to all altitudes, supply gas compositioms, etc. However, to be
more meaningful in terms of MM the relationship of this ratio to the
differential P, servo setting must be defined. It may be expressed by the

equation:

ARy, = Xs B (1= y)%

The curve shows correépondins AP settings for sea level conditions with air
as the supply gas. It will be noted that for the curve of (XDA’ = 0.8) the
APo, setting is 31.8 mm Hg and that this would represent a sitwation where
there is no bypass flow. It is apparent that as the supply flow increases over
that of the subject's minute volume that the percent error in oxygen uptake

for a given error in Pg, increases markedly. For example, with opposing errors
of 1% the Ppo sensors, .thee percent error in oxygen uptake can be as much as 64%
with the 8 mm Hg.APy, setting, but would only reach 10% in the case of no

dilution. Calculation describing figure 10 may be found in Appendix 1.

Error Amalysis in Temperature Measurement

The error in oxygen uptake as a function of error in absolute temperature
is shown in figure 9. The curve indicates the relative insensitivity of oxygen
uptake to state-of-art temperature measurements.Calculations for this curve

are ghown in Appendix 1.

Error Analysis for Barometric Pressure Measurement
The equation for (U) is seen to be independent of barometric pressure;

therefore, no altitude errors will be experienced by the MRM.

Analysis of Errors in Meagurement of (V)

Examination of the bagic equation shows that error in (U) will be directly

proportional to errors in measurement of (V5).
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IV. ABALYSIS OF WNE BLOWER

An evaluation of a blover as the means of establishing and metering
volume flow through the MRM has been conducted. It was first considered
that a problem might exist in precise fan calibration due to Reynold's
Number effects with altitude. The establishment of 16,000 feet as the maximum
required operating altitude has eliminated Reynold's Mumber effects from
being important.

ferformance curves of the fan currently used with the MRM are shown in
figure 2 and 3 . The basic concept of the blower metering technique is
that volume flow 1s proportional to rpm. Reference to figure 3 , however,
shows that the flow through the blower will vary from zero to 28 cfm at con-
stant blower speed due to a static pressure rise across the blower of zero
to 0.87 inches of water.

If the blower were used in conjunction with a diluter demand automatic
pressure brea.thing oxygen regulator as described in Bpecification MIL-R-25916
the suction pressure required (1.0 in. Ho0) to provide a flow of 85 liters/
mimite from the regulator would be greater than thet available from the
blower at a rate of zero cfm and at 10,000 rpm. The excellent linear relation-
ship of rpm vs volume flow shown by Webb Associates, Inc. for their MRM con-
Tiguration was possible because their system was essentially & zero pressure
drop device, as can be seen in figure &.. This problem was brought to the
attention of Webb Assoclates under the terms of their consulting agreement |
on this contract. They have stated that Globe Associates (manufacturer of
the present fan) can provide & higher compression ratio blower which when
operated essentially unloaded will not be sensitive to small changes in static
pressure. Webb Associates believes that the use of such a blower in con-
Junction with the Type II miniaturized pressure regulator (MIL-R-19121D)
would result in a satisfactoi'y configuration for flight use. No data on

this blower has been supplied so a quantitative evaluation cannot be made.

It 18 suggested by NAA that if a further development of the MRM is deemed
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advisable that the use of positive displacement devices be investigated.

V. ANALYSIS OF A FLOW METER TYPE RESPTRATION ANALYZER

At the request of Dr. James Roman an error analysis was made for the
theoretical operation of a flov meter type respiratory analyzer for comparison
vwith the error analysis of the MRM. A simplified schematic of the respiratory
analyzer is shown in figure 5.. The essential components are shown including
the various sensors reguired by symbolic representation. In this system the
inlet gas composition is a mixture of nitrogen and oxygen of either fixed

or variable composition. The basic equation for the system for volumetric

[(Po,_,/)(i? Eo.. t,,.> ( ,z]yd

flow i8 as follows:

vwhere

and
72,

)I

= 5= Ry

The error analysis of the system was based on the equation given and

is found in Appesdix 2. . 1In changing to mass uptake the equation takes the
form:

(/' M = ;gx (P xz_ p/ox ) dez (P Pa)l,
wvhere M = /3- M}V‘

The nomenclature is given in Appendix 2 which contains the development

of this equation.
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Housing contains dc blower and
temperature controlled polarographic
cell

Airstream

Alrstream

Figure ¥ Helmet System Used in Laboratory MRM Device.
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Figures 11 through 13 show the error in oxygen uptake vs. Pop P°2,2
and ’blﬂla An altermate calculation based on a differentiation of the
complete equation wvas made for comparstive purposes amd is included in
Appendix 3.

Evaluation of the analyzer should be bagsed on a 5% accuracy of the
flowmeter. A simple calibretion of a typical meter using pulsitile flow has
been conducted. A Collins Spirometer was used as & reference. The results,

shown in figure 6, justify the above accuracy statement.
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A preliminary look has been made at a concept proposed by Dr. Roman
for "sampling" the respiration of a man by means of flow splitting venturis.
Thepurpose of this idea is to allow use of "scaled down" MRM to reduce the
large quantities of diluent gas required by the system.

Examination of tﬁe problem indicates that it is only necessary to
sample the man's expired flow providing he breaathes gas of the same compo-
sition as that supplied to the MRM. A schematic of a suitable arrange-

ment is shown below.

MAN ' -
_FFLM/
SATTER
( [ 4
REGULATOR ’ /
CHeECK "Ry
VALVE

Since with this armngment it is only necessary to split the expired
flow vwhich is always above ambient pressure, a venturi will not be required.
A very accurate flow splitter can be made by dumping the expired air into
a plenum and discharging it through bell-mouth nozzles sized for the desired
flow split. The accuracy of the split will depend only on the accuracy
of the nozzle discharge areas and the ability to maintain the plenum pressure

of the MRM equal to ambient.
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——— - ———FLloW SPLTTER

PLENUM CHAMBER

MRM

LeNoM

The following derivation shows that the

the area ratio

By contimuity

then

For very small changes between P & P

then %—/Dg %2
% 7

flow split is proportional to

6=




T T e ks R £

and .v._vJ=ﬁA'V' = ’4/‘1/

finally
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VII. ALTERNATE CONCEPTS OF THE MRM

After the contractural efforts began several alternate concepts Were
introduced which modified the basic design of the MRM. Unfortunately,
there was insufficient time to explore all of these concepts. The con-
cept shown in figure 7 was brought out in time for a cursory evaluation
of the concept to be made. As indicated in the schematic diagram the
system utilizes a separate source for the diluent which may be air or
100 percent nitrogen. This enables the pilot (subject) to breath 100
percent oxygen which is a desirable feature. This system also differs from
the basic in that a flowmeter is used to measure the oxygen inspired flow
rate, and the blower readout is a function of the expired oxygen. Instead
of a (A P°2) set-point,the servo-controller can operate with an altitude
compensated P02 sensor only.

This concept retains some of the basic problems of taking differences
from large numbers to obtain oxygen uptake, as seen in the following

analysis:
VOL= V"Q"(Ve"VCaz)
VO = Oxygen Uptake
Vaz = Inspired Oxygen Volumetric Flowrate, L/M
VC =  Expired Gag Volumetric Flowraffe , L/M

Vcol = Expired C0p Volumetric Flowrate, L/M

: . . R
men Vo= Vo, ~ V£ ;—5—2—’1

/%?. N = Discharge Partial Pressure of Op
(]

VF =  Fan Volumetric Flowrate, L/M
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Vo = X Ve

A

AND %-—X\{:-VF[%)

P2

i\

CoNSI0ER X= 0.2

. ., R
\/02_=az\;:-v,=(-,§—)

V'OL = . 2(100) - (/oo) (% ) is 100 liters/min

If the fan volumetric flowrate

A SSUMING (7@) =0./9

Vo, = - 28(/00) —fo0) (19) = 20-17 = 1O
ForR A ONE PERCENT ERROR IN FAN Fow
Vo, = 20-§9x.17 = 20 —/88 = 117
GrunG A 19 To £RROR I Vo,
For A 59 ERRoR /N Fl00) METER. [IERSURE HENT
Va). = (20+ 05 x20) =19 = 2/-/7

= 2.0 OR A /007 ERROR /N 1/01

The added complexity of the additional flowmetering device did not improve

the accuracy of this system.
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VIII. CONCLUSIONS

It is concluded by the North Americen Aviation, Inc. evaluators that
on a basis of error susceptibility and complexity of configuration that
the respiratory analyzer using the MRM concepts represents a higher develop-

ment risk than the respiratory analyzer concept using a single flowmeter.
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Pﬂz: U

th [/+(96?504/a:‘—)£0'£§][/+ (RRreference — /) o
%, _ At (RQ.s0 1) Poas— B — (FReg =1 ) Pys
Yeale = m r:“("ﬂ 2 A 2

¢/
Rys (RPsut/ — RQref)

- A + Pozs (@Qf.e/‘—/)

= X0, s (R&sub, — re@fe)[)
/ + xa,s(le@,ef—/)

For the case RKLQner =/,
€u = (RQsys; —1) Xgs

€u

W

where Xgs= %‘s

rre obove req/ces ro
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Errors (Con’)

Thris reforronshp s ploftesd on %}juf'e &

Effect of error i  oXygen parti/al presswre
REISLENELIS -

U [/+HRQR-1)Xos ] = 32 AR, ¥
R 77

The Following swbscripls are wsed

exp : experwnenl s set ! ser womnt

Pasexp = (/2 €5 ) Fysser

dexp = (/2 € ) FPodser
when [Es] =/€y/ = l€oe/
Woasr ‘4/9 = ‘eiafen¢> - ’€;a'¢vqo = 414? set :tiéiqz‘ (1651r4“4%aﬂ)

case

Y 1 (BR—1) X s Ty IHRR-1)Xgs
T <

4R, exp 32 4B, sor 2&,(4s7%
L} _ Aﬂéﬁ.szf
exp = A%.sef 7 €, (B 5#54)
c - LU _ 2R, set — [OR,set % €, (RB,sser * Pser)]
Y= o A% ser 2L =4 (’%ksszy* *'/Eia/:m9$>

= _26a (Bsset *Podret)
AB.set L& (Bosser * Royserd

- i %2 (%DJ 7 LQ:.J)
(s - Xop) 2 G, (Xp gt Zas)

:Zé;z
_t (/+ sz ) éog

_ oo Ana
(/ % e (1+ 22,5)

u
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| _SHECKESD BY: REPORY NQ. —

| BATE: _MoDEL MO,

Numerrca/ Co/ce/z770ns

Effect of error /n oxyger poor/fre/f pressure.

19O2SL/r® 1AV

© @ ‘ 6) @ ®

“ | Bt |gare-o o2
0.0/ 0.9%5 O0/95 0305 0. 635
0.02 039 O0//0 3. 85
0.03 0585
0.04 -0 780
0.085 .O975
0.0/ 0. 90 «0/9 .08/ 235
ao2 .038 062 6/3
0.03 OS87 . O43 /. 325
0.04 «O76 . 024 3.77
0.05 . 095 . 005‘ /9.0
0 0/ 0. 85 «O/85 /3/.5‘ . /2l
0.02 . 0370 /7’3 .327
0.03 . 0555 OPEE . 587
O.04 . O7F0 Lo76 974
0.05 . 0725 OS75 7.6/
0.0/ | 0. 80 .0/8 . /82 . 099
0.02 . 036 . /64 22
0,03 . OS54 /46 37
0.0# e O72 . /28 YY)
0.05 . OF0 . /00 .90
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1.1 ANALYZER

Pasvangy wv: NORTH AMERICAN AVIATION. INC. . 35 or
ANALYSIS OF RESPIRATORY ﬁ-t5°§13

2

Arpervx &

A7/ S/S FOR MODEL AND NOTATION SEE PAGE 39

W%_é-x = lloxs ~ 70x2

I

ASsume
Ovirr = M yyrz
Xnirs 7= Xpyyrs 722

L. =(x Xpyre - X
Mnox (Fee X arrs oxz) 7

- X v m
=(x LNTe _ vy Mz
oxy Zwir, oxXz )m

”,
Z, %, MW

= (Xox Xymre _ Y
o'x/v/f, oxz )

_____(POX,P,wrz —pon)‘ 72
p/V/f/ Z" &L M'

/f Supply contoms only Oxgygern and nirrogen and
expirafe  confmins Onfly Ooxyger , nitrogen and
carbon dosexe ; rher

_(.L. "bx/ (% - 'ggg"po/oxa) -~ OXzCD/"’ 2, ) »
Mé (p Pax I)/-%X& A%X L 6/0)(2 %OX 7 (P pOX 2 &XI)HN”J

Rox, (P —Fproxz) — Foxz A
(B=Pox,) (Mo ly1r) Py + Wiy Wiy Byt ¥ 7

g = 8 Pox, (Pe— Foioz ) —FPoxz £ 7y
(pI-POX/) (%Xz +4Pﬂ/a\'z + 7P2)




| PRSPARED OV: NORTH AMERICAN AVIAT]ON. INC. PASE MO, 36 or
NA-65-513
|_CHECKED BY: SEPORT NS
Errors

In followmng, assume /bere /5 no error ofher
Han 1HeF berng exornvned . € /novcores
@bso/ule valwe of Frecltrona/ error.

Effect of error /n measwrement of oischerge
parrra/ presswre of  Cgrborn rox/Fe.
For /D/ =F =P ’
U =8 (/"/’CM)——ZCKL_,"
(/ Z0)(/ ) ( /KOXZ * 4;60/0)( 7)
e Diox = / A'D D/UXzz = / ax 0/0&,/
Droxz X oroxs
€, = _fﬁ./_ A
o
w /(1L T Eoraxz ) X praxs el ~ Zoaa}"Zox:.
@x; + (' Z€p10%: oy > 7]
(xax; 7 ¢Z0/0Xz * 7) -/
Xox, (/= Xpoxs? —Xox,
_ = W Ko, + Kogx, Koy —F X . 000 Xowon,
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Numervca/ Calce/ofions

AsSsume ComoasIT/ons

Consts Fvent X,
Supply |discharge

Oxygeri lazo955 |O. /627
Carbon aoX#e, O. 0407

// Zo)(/ + Xox Zaxg — & Xoxs
‘ X = /). 793/4285
Zox, (/= Xpuoxs ? = Zox, o/oK2

Koxy xo/oxz_"' 7 = 73255
) @ )
7.3255— €u

€
DI0X2 o, /628 @ |1.793/#285« @/@

0.0/ 7.323872 | 0. 002 £4£83536
0.025 732/ 43 0.006 /229256
005 7. 3/736 0.0/2 23266/5
0.075 | Z23/329 | O.0/8 389 zz2
0.09 /370848 | 0.022 O74 437
0. /0 /. 30922 O.02¢ $32 6/6
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P RESPIRATION AMALYZER seveny ug. NA-65-513
o ~ ERROR ARALYSIS wosm ue.
MODEL APPENDIX 2
Bupply

Dry gaseous mixturé of oxygen and inerts at

Oxygen fraction (vol. or mol) Xox , ‘
Nitrogen fraction (vol. or mol) Xum -
[
Molar flow rate (total) m I g—l
A I &l
Oxygen molor flow rate MOK' l ;‘1
. n
Oxygen molar flow rate Moy J - '
\ i
Nitrogen molar flow rate Jhm-,-' :— | _J
Pressure R |_1_1
MEASURED I ¥
Partial pressure oxygen %x‘ | l 'm‘ :
L) oal
Uptake i | 3 :
| | ]
Pure oxygen at 1 L —J
. =
Mass uptake rate (to be determined) vV
Discharge
Dry expirate at
Mass flow rate (total) (MEASURED) sgm,
Oxygen fraction (vol. or mol) Xox -
Nitrogen fraction (vol. or mol) xm,..’_
Carbon dioxide XDI ok
2
Molar flow rate (total) '
Oxygen molar flow rate j\o“_
Nitrogen molar flow rate My
<
Pressure Pa_
SURED :
Partial pressure oxygen MER P‘X;_

Partial pressure carbon dioxide Fbioxy

P I
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Effect of_error ) Sepoly oxygen porstro/ pressere
measure rmery-
~rorm
U. -8 Xpx/ < "ZD/DXQ) - ana ”.72.
(7= Zgx,) (Xpyy + ¥ pys* 7)
- A%X/ = A’X/ax/
éox’ - ~ ox, ZUX/
Ay
“wE
8. (/I&;x,)zox, (/'zo/axz,)—zo)a ,”_yXo w(Poongys) 'Kx:. ]
_ J= 2 € ) ?py, ] Xox, * EXpry * 7 (/"zm' an(z%*?
- 3. Xox, (/—=X%oiox02) — Xoxs »
2
(/—xax/) (ZOXL *4%&*7)
_ klréox,)%ax, (/—XM,_) - xoxz,_] (/- %px,) -

[7- (72 €py,) Xox, / [Peox, (1= Xppore )— %ep 1

Numerical Calcuartron
X, /= Xorox, = 7573

Constituent]
Sugply [Discharge /=%ox, = 77045
Oxygen |020755 |o. /627 |

lCarbm Xk | o.odoT
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HA-65-513

Effec) of error 1 supolyd oxygen ortre/ pressuyre

mESrener’
OO0 @ o ® @@ ® @@ @ @
|1 O QPR @ -2y P, 20628@)| @ — /

" 200253 ¥ 2 1E) © %b | ®‘.
€ox/ €
«00/\|l.00/ 20/22 03852 | 20976 |.7902& |.OFEIZ | /. CO5E |+, 005
oo/ 999 | .2ooB2 |.038/2 |. 20934 |. 79066 |. OA8B2/ | . PPFS |—. DOSE
.005| L.005 202031.03933 |. 2/060\|.78920 |. 0982 |/.027 7 |#.0277
005 995 |.2000/|.0373/ |.20850|.79/50 |.0#7/3 | .92722 |-.0278
.0/ |Lo/ 20303 | .0£033 |.2// 65 |.78835 .05 /75 |.OS5/ +.é55/
0/ 99 | ./990/ s 0363/ |« 20745 |, 79255 |.O458/ | . 7#50 |-.0550
03 | /.03 20705|.04435|, 2/584 . 784/6 |.0S655\|// 665 |+./665]
.03 97 | < /19499|.03229 |. 20326 \|. 79CAL . 02052 83558 |-./6%42




8

Py
iy

f

g

2
i

s endié

T

-

1T3yeT

Tt

T

g

1K

iE=2iiT
R 1238
Ry =

SHPSS

1719

1

T+

i3

1

i

.

shngned

1
M -
1 4 ,v + .1
= Ay .u thet kel i H
n % ThT : tudssan +H R
| cEREEHE it S g
| oY ¢ didedt LT i i
“ 4 1 t 2 L 19
_ n L Frt + 1 :
! ) . H i T
4] AT LT 13
» ali 1 mw 1 Sk
Le R u% £ i
s o 1 M »
shensds P2 e I 13T 11 i H
! puEmgRt s Ty Feie
~ e O HEH INRaE 221 BRpsiEazianatatit]
=0 W 1 H gL R g 2 EHI
291 iidice: U HEM NS (LB RS Rl RS o M TSRS SRS
Y E HIFR 1+ J Jeopi Thrirt e 13 IM, 1= J »
e pay 8! as gapsengs e e t
Y] 1 il A el St Has eshisE
ud ST t
) H i H 843 saeattl HHE :
& 2 T
5 a FHT » H geRsanes Ibgs 1 13
AN =l fiiciiisitat SiEdis
Z ", \u - SRR R F R 2 ” Jisgatntlaoshia Hreh fagsse HIH
Fb ] ] » 8 e
m o i H Faishs A T jiess
(04 HiH T aenieajRcaxitEactl fth i S HH : sed
V4 w fgtaess i T ReEteptbredgtedlas b L
" 4 .- 4] 4 14
=) ¢ . qRetL sititEs t H i
W i B : i
2 » T b {41414 4 8! H H -1
) G tH as % IW PR i i chir A.W#_‘Lw% iR R e H R Y
o 45 s gl i -
2 T g T 45 5 e H T T e T
bE | i
W - £ !
e U AR 1 1 Aqeas: b e T HHETH I
t t ¥ w« il ‘p.. n nd e rM 1 +H :
833 saaba salsh apafanass i : t HHIE £ i
1} 4 » « fakan ad t 1S .“ 1 _v H 2 : g i
i i T i i i
: £ L : 1 +HH . I 14 ]
+ < 1. 1 [T < BENRE 3¢ '.‘ B
T 5 ﬁ r_w 3ehgs sRaRRNERd) poeeteat 1) W kS
i i i s &1 T
A ' HHTH IR : Hatiis: Toby o H B g : FTHIH
. ) 11 Ly 58 ri N Mﬂ s afnanh 1 H “M i ddindughnd npnwi & TH _.l,x.‘ e Mw k
ifiid it S RIS R HiE if i |
> f : T I gs! ig Hit T + T ' . sfSabpaih aiale s
el ¢ e | : i
Sl _ , i HHiE: i}
: : ] 13 N
tH 28 . dagiss u ! i
m sankadd aEcdbhe &9 dpedRanspsainnssas s 3 qfrtes H o :
L B i HE Srasgetdl H R 1
i m tadstans: , { i Jit i
] !

0. TAL.8.U.0R—.Y K ..0D A & N—ABIAY DHIDART INANARLA J-8ar
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PREPARED BY; PASE NO. b or
NA-65-531

Effect of error in AISChHPE oXygen portso/

Frem

PIrESSUre 1725/ remen)”

b, - 8 Xox, (/=X ovoxz) — xoxé

my
(/- Zox,) (XOXz, * 4xpp(z * 7)
& x, = A%&( - a xOX/
© 2 QX/ xox,

8 xa’?(/- ZMXZ) —(/Z€oxz DZOXz
(/"Xfar/ )f/-’feaxz))@n + 4/&00\2* 27 ‘

1, & Ko ((Konee )Y 7

(FZia) Kpe* Eies??

Zox, (1= pjoxz) —( 1L Eoxz) Xoxe

xax, (/- Xproxz ) - Xaxe

(1= 2, W Xpses? s + 7)

2

Xoxz + & Xoroxz*7 _ )

(72 Eoxz) Xoxz + F X prox, *7

ZOXI (/ 'Xb/arz)‘%xz
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Effect of error in dischorge oxgygen partro/

pPressure measwuremenr

Numerycaf Calcelatron

Constituent X, '~ Korexz = + 7573
Supply | Orsscharge % Xpoxz = - 1626
[ +*~7 =7
Oxy gen 020955 | 0./627 oxaxz *7 =7./628
Carson aaxiae C.0F07 | XYpx,*4X,, 1 7=7. 3255
Yox,pemsd ~ =-20/102/3
e = :20/02/ - (/t€ox:)x./627 7.5258  _,
Y 7./628 +(/Z€pg)xr62]  O3832/3
S8
GRESRNC) @ ® O] v)) ) ® %)
1627x@ . 20015 1.1628+@| 23255 |_D_ | 5, 5 ®
-/
w27x®. @ | © |52
1+, eL/
.00/ .00/ 16280 | 03810/ | 7.3257 |999726 |.IR5E6T| 99558 |-. ooede
.00/ ;9.967 (6254 | 038481 | 7.3253 Vv, 000273 Y 0OR 674\ .OOL4Y | +. CO4dd
005 | L.0DS /6357 | 037511 | 7.3263 |,9995908| .778851/| . 97834 |- -02/26
ool y P95 (:/16/89 | ©O39/31 | 7.32487 |/.000/092] /,02.1/292)/.02/24 |+.02/24
.0/0} 10/ /6433 | 056691 | 7.327/ |\ 99T 75| . 95745 F5724 |—. 0427
0/0 99 |l.1rc/07 | 039957 | 7.3239 Y.oo02/5¢ /.a4zazino¢27;+ o425
030|403 16758 | 033441 | 7.330¢ | 9992/ .8726¢78| . & 7200 |-, 12792
O30 97 /5782 (0#320] | 7.3206 .00é6B|/ /1273348 /./250F |+- /12509

1
i
;
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APPERDIX 3 ——

An offernate merhod oF error analysiS /s
presented i which ThHe produclt of Fwo or more
errors rs neglecred . (THIS 15 implicit 1n Foking 7#he

arfFeresria/ssy
Ler M= ZE R mu,

1L

oxz = %
Z

voxe =

=4
/3

D D
I

Swbstifuting the abore Symbols mro rhe 67('0'%'7

X(B-Y-2)-Y (X=X) | ;= @fofx—dy mH

oM _

Mox K-

Toke rhe aifFerentra/ of borh sides of Fthe epuon

d[(/;;:;;]_-z 7)LE-XE=olY [, ]

X-X

¢ 72 _ BX-XE~XY 1, 13X 2=
-/%r, 9+ Mex an = XX arm +m d[_m_—?}

o[ BX=XE-XY ] _ (x d/3+ﬁd;é)-éld/{:+zd.-3)—(gab?+o(dg)
©x-x 7T ol - %
_ (Br-xz-aY) (dX-dz)
(ot—2)°

(= afsyﬂd;é) (ot-%) - (Bt XA -2) — (yy+ o/dé)@(fz) - (Bx -%E-aZ) (aé(faéJ
= (x-%)*




NORTH AMERICAN AVIATION. INC. | vaeewo. 47 or

l-

IA-55 -513

B
)

MODEL NO.

Error (Cont)

Collecting rerms of Vike oirFerentiol

XX A8 +8 — ENA-X)HBXL-XE—A YYx — (X~ ) Aef — X (eA-2) e
(x-%)*

=4 by (3% -x2 - atz)] alx

(o= )*

oA X3+ fif3-AF BT+ BEHBE XL -NY | TE - A(H-Z) ey X C-X)
(L=T)*

_ [y ry 1ex-x2 —oYy] de
.(O(__ ) F

]

= {g(z,dﬂ + (LB -2-Y]Ix-AA-X) def = 2 (A-2)TE —x (5B —Z-y)ab(}
(-1

G z)‘{"ﬁ* (B-2- y) 9z —L—702 ay — o('z adg — (B-&-%) Z(o(}
=(;.‘ij&{p +B-2YLE - R dy penE g (s- z-y)do()
e % dU+ %dﬂ ﬁ%«ZEZEO(g - mzo%%)_z | }

UA"Z,X/ B m B - XE-—XY

xX-X

dU L dM _ dm AL
1, M @7 (ol - X)(BA-Xz-Y)
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Error (Con?)

THhe qc/onf/'/y

das _ o ERM;L
M Eamy;

d[32yy 44& +(B-y-2) 28]
32y + ¢4 r (3-y-2)28

_ _d[ ¢y 6z +2543]
49 + /6 E #_-Zﬂﬂ

"

oy » 4= + 7 a8
Yy + ¢ E £ 78

_ Bz Y TRy F T yE
T L, * Z_
e nY ya

g an - dX ,
s - }7,_-_7% a7 @(.x)(/sz—bz-dy){ }

Where fhe guantity { f ;

[ f=pderqendp gy enrg e
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Error (Cont)

Confrning 7he numericol error colctrlotrons
Fo the coses 1n which one grouo of
instrument- hos Zero error ond e orher
group fos fhe same ervor IR I enTe
butr moy have oiFFerenr sign and For
the Following CondiFrons :

v = Pox, = /58 rmm Hg
Y = FPoxa = /27.6 mmHAg
Z = Pioxz= 30. 4 mm //_g

« P, = 760 mmhg .

]
Ry
\
QY
"

Effect of oll instrument _error having Ihe Same

Srgn Qnd  magniriie

- o ot 2
=

dam _,..1',,_3,_*__0(2’/ { }
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Error (Confd)
Efect of all NSTresren’ error /fawnq The Some
S/GN  @nd _m@INIrvE

.1;57.7—- = T€
1] = ew &gy o i o rrgt
» =228 a8
"4 ﬁ

____Z;ﬂ/—z/—/y) - (?’;;9_-’! _ o(;z 2 _(B-2-%)+ G;W]tﬁéj
-2 Z g - L] (2E)

C. AU (2€) + (L€ o« (Z€) L ol Z 2 -£
__é/_ =-[(2E€) + (2€) » ey [- -2/ - Z+& 2/

7
T (BZ-xZ-dy) [£+&-4] (&)

Numerical Calcejotron

€, = du - __760x/58 (Z€) 127.6 , 304 _7‘_?7-
o 760158 - 1555304 —Teox 27,6 L1538 T 760
___ 760 x/58 (Z€) [898 +.0# —/]

T760(/58-/127.6) — /58 x 304

760X/S8(2€) _ /-./52]
760(30.4) - /58 x 30,4

60z x 50.4
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Effect of worslt _combumotion _of. al

Senser _error

when all error rferms are oda: '//&e.
There rescffs rhe frohbesr error »
oxyger wproke

d = e + e 4, X%F€ ,__-5
y @) (e-r2—og) |
where

——

; } = gz(/;-—z—yn (dfx)(]%,+%+ g_)}

Numerica/ Ca/cewl/arron

2(f3-2-y4) = 2(760-30.4—127.6) = 2x602 =\204

(*-%) = (760-158) = boz
B _ /12716 304 _
'%"‘c%'"ok “'( 58 T =60 +,) =1.846

Sz(ﬁ-f Y+ ) (L F o+ %—)g = 1204 + 602 %1844

| =204 + nWo
oAx — . 760OXISR = 2314
(2-2) (BA-x2—oy)  (Teo-158)xeo2%304

é6ce “x 304 010

.%J_._:_ € +¢+ 0088 w2314 € = 272 &
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EfFfect of error— /17 OXypErn porrrsof

OSSLre  meoswremnen’

when Fox, and Foxr alorne Fos

error and _q’gi = — -Q,)f!- , rhen

neosS (/’7/79

oy - 9_"!_.7
% = _”’42 +(a(—2s)(px—xz-o(y) { }

am. _ f /3?//#"‘2‘7%'9'

”
=3 ﬁ? ya‘

5 4

L £ L, Z
B¢ Tzy "7z

.da.z-zo

177

. .
= (B-2- a'x @-Z)z (4 ©-2) :
{ } (B-2-7) ?-‘L - ez /gg

—ﬂ331vﬁ?7+ ﬁﬁ%ag?

: L

a4 _ _ ﬁe —_a? X [/34—5)-%&’—
v /SE p’ @(—Z){ﬂx—w—dy) x:_ .)_;ﬁ]
Siksststesting %ﬁ == 2L ond 2 -(2¢)

e (4
qu _ _jge () _ax (2€) |
v L+ +Lo<fz)¢w AE —Y) [ﬂ )
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Numerico/ Calcufatsons

v /
sz 30,470
L FE L2 T / 2 & + 2
s 3y »& J04xBO T 760¥/276 ' 127.6x30¥
/
_ 23/00
<t 4+ 4 __ 4, 7 __
23/00 + g9 7e00 + IEEO
oA X _ 760 X /158
(o-2)(73% -2 -olgf) F60-158)( 760x/58-/58 r304 760 X/27:E.)
| = 760 RISE = . 0/07

eoz ( 602 x 30.4)

(7ec- 302 -r2726) = oz

o=

- — 760—-158 —
.Cd_z_z)_f = O X 127.6 = 486

dY = .ozz8(t€) # . 007 « (602 +486) (2E)
&

_ .oz28(2€) + /.87 (2€) = /1, 9(1E)

—
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Effect aF error m  oxggen rf¥Ferentro/
Pressure  meaScurernienr’”

Al = Poxs - Foxe
d(ahx) _ d(Fox, — Boxz)
dFax ox, — Poxz
dbxs — drFwe

W

'%X, - pﬂx;_

pax dﬁx/ e pox., —'&L—d 2

LI

an, - /%x,_

When  2ox _ _ L - (re )
X, Fox,
Fher Poxe Vi
dahx _ (1 + 22% )¢e)
AFfpx [~ L2xe
>

or €, = Ary _ (+E)IzE)
*Y = £)

1+ 288)(z€) 209 (ze)

( /276 ) - /925
ors :
c= —-S4P
9.4
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PAGE NO. 59

NA-65-513

APPENDIX *

Numersca/ Co/ce/orron

~rom -
Vy. & R [/-(/- RQ)Xs]
| ¥ X% Ry - Paa
where X, . R,s
= A
/7(‘ 75
’9‘5"—’ o = A
rhen ,
V. U . RT [/-(1-RQXs]
32 /%35 - ch/
Rlo= 4 RT
L B o A7)
32 = er R T
Vy - Vo RAT) RTL/=(/-RR)XsT
T /DD:S - 'oaza’
L = i [’;(’-R‘QZQ B (ALT)
DRY AR ©u5 /Bt
Cose / 1:/9'; = 40.587 sfdc.c. ; 175 %3&,0533553
. /58 _ .
R 3
4R, = Pazs—@‘a, = 77756 mmAy
® @ ©,
R /- PQ (/—Q@)x;t;s \@@ 5:24@3%@
.8 2 OFISTERE  F5842// 50443502
.7 o/ 020785947 979205  5./537/9
»0 o .0 /.O000C0C  5.263/37
v/ —/ -.02078947 /(OZO7EF  5.372555
/2 -l OL/S57E94 [OL/S57F

S 4#8/ 972
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Numersca/ Colce/otion (Cont)
ORY OXYGEN
“ex! - 40587 st cc.

= 24?45/'%7 x 32 = 05835638 gm

4/ = s—Frag =77/7/56 mmhyg

Xs _ /DOLS_.
5—7—’-_3——/ (Pure O)

V, = 40.587 [ /- (/-RQ)x1] xR (4st)
7. 71756

20.587 [ RQJ x A (Art)
77//56

= 5.263/37 [RQRJ x BA/~)

-
-

i St , 16000 °
RR Vy=5.263/37x760 (RQ) Vg = 5263737 x#/2 x(AQ)
.8 3200 c.c /1734. 7 c.c.
9 3600 " /95/. & »
/- O 4000 " 2/a8.4 P
/e / 4400 » 2385, 3 n
/e 2 #800 " 2602~ ( "
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ORY OXY GEN

/v /
/.2

Case 2

%, = /00 SA7. c.c.
J = O =

= £ < 32
4

SL

Pa"‘ s —Fopad = /7 mm Ao

g = 100 LLQI x B(Ar)
W = 5.263/857xA-(A/F) x RR

U = 5.263/57 %760 «£R

3200
3600
2000
4200
2800

c.c.
"
”
'

Y

SE2T7ET7F G

/16 000"
Yy =5.263/5 7« &2l

’173¢4.7 c.c.
7957/, 6 "
2r68. 4 "
2”5:3 h
2eoe. / "
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MODEL NO.

ORY A/R (Cont)

case { R (Seqlever)= 760 mmMy 3 B(16000)=212 mnt&
@ Seq Leve/ ./_6_%2
R@ i = 760x B Y = 4z x®
.8 38337 c.c. 2078.3 c.c.
.9 39/6.8 2/23.3 .
/.0 2000.0 2/68.4¢
/! 4083./ 22/3.5
r2 2/66.3 » 2258.6 .
Case 2
Vo, = /00 A7 c.c.
= _/00 _ .
32z X 7€ = 192 7679 g
AR, = Pys - Pouy = /58— /39 = /T rr ko
Yy - 100 [/—(r- Lo RQ) x. 20787277 AB-(A/~)
= 5.263/57 [ I- (/-RQ)x,2078927] A2 (4/7)
@ ® S 16000
RQ  5263/57x/@cfomer] =7%0x®B) y=42x®
.8 5.044£32/6 3833.7 c.c. 2078. 2 cc|
.9 5./537395 39/6.8 . 2/23.3 .
/-0 52637570 F000,0 2/68.4¢ »
/-1 53725764 4083.2 22/3.5 ,,
/2 5. 28/ 9943 4/66.3 > 2258.6 )
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